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Duojia Pan and Gerald M. Rubin in certain cells (Zagouras et al., 1995), are unknown. In
particular, it is not clear whether the full-length NotchHoward Hughes Medical Institute
proteins or the proteolytically cleaved forms are theDepartment of Molecular and Cell Biology
functional receptors.University of California
Engineered forms of Notch proteins that delete theBerkeley, California 94720-3200
extracellular domain or both the transmembrane and
the extracellular domains encode constitutively active
receptors, and in some instances are found to be local-Summary
ized in the nucleus (reviewed in Artavanis-Tsakonas et
al., 1995). These observations led to the hypothesis thatNotch and the disintegrin metalloprotease encoded
upon ligand activation, Notch is proteolytically pro-by the kuzbanian (kuz) gene are both required for a
cessed to release its cytoplasmic domain, which thenlateral inhibition process during Drosophila neurogen-
migrates to the nucleus to control the transcription ofesis. We show that a mutant KUZ protein lacking pro-
target genes (see for example, Kopan et al., 1996). How-tease activity acts as a dominant-negative form in Dro-
ever, it is not clear from the available data whether anysophila. Expression of such a dominant-negative KUZ
particular processing event of the Notch proteins de-
protein can perturb lateral inhibition in Xenopus, lead-
tected in vivo is simply a normal part of the biosynthesis
ing to the overproduction of primary neurons. This of a functional receptor or a consequence of receptor
suggests an evolutionarily conserved role for KUZ. The activation upon ligand binding. Furthermore, Notch pro-
Notch family of receptors are known to be processed teins have not been detected in the nucleus under nor-
into smaller forms under normal physiological condi- mal physiological conditions (reviewedin Artavanis-Tsa-
tions. We provide genetic and biochemical evidence konas et al., 1995). Thus the mechanism(s) of Notch
that Notch is an in vivo substrate for theKUZ protease, activation are still largely unknown.
and that this cleavage may be part of the normal bio- During Drosophila neurogenesis, a single neural pre-
synthesis of functional Notch proteins. cursor is singled out from a group of equivalent cells
through a lateral inhibition process in which the emerg-
ing neural precursor cell prevents its neighbors fromIntroduction
taking on the same fate (reviewed in Simpson, 1990).
Genetic studies in Drosophila have implicated a groupCell±cell interactions play an important role in regulating
of ªneurogenic genesº including N in lateral inhibition.cell fate decisions and pattern formation during the de-
Loss-of-function mutations in any of the neurogenicvelopment of multicellular organisms. One of the evolu-
genes result inhypertrophy of neural cells at theexpensetionarily conserved pathways that plays a central role in
of epidermis (reviewed in Campos-Ortega, 1993). Re-local cell interactions is mediated by the transmembrane
cently we identified a new neurogenic gene, kuzbanianreceptors encoded by the Notch (N) gene of Drosophila,
(kuz) (Rooke et al., 1996). Clonal analyses revealed thatthe lin-12 and glp-1 genes of C. elegans, and their verte-
kuz (Rooke et al., 1996), like N (Heitzler and Simpson,brate homologs (reviewed in Artavanis-Tsakonas et al.,
1991), is required cell autonomously for cells to be inhib-1995). For simplicity, these proteins will be referred to
ited from a neural fate, indicating that KUZ and Notchas Notch proteins throughout this paper.
function in the same cell.Several lines of evidence suggest that the proteolytic
KUZ belongs to the recently defined ADAM familyprocessing of Notch proteins is important for their func-
of transmembrane proteins, members of which containtion. In addition to the full-length proteins, antibodies
both a disintegrin and metalloprotease domain. This isagainst the intracellular domains of Notch proteins have
an emerging gene family that in the mouse genome
detected C-terminal fragments of 100±120 kDa (hereaf-
consists of at least 20 members (reviewed in Wolfsberg
ter referred to as 100 kDa fragments) in Drosophila
et al., 1995). The prototypes of the ADAM family, fertilin
(Fehon et al., 1990), C. elegans (Crittenden et al., 1994),
a and b (also called PH-30 a and b), are sperm surface
and mammalian cells (Aster et al., 1994; Zagouras et molecules implicated in sperm±egg binding during fertil-
al., 1995). Pulse±chase experiments (Aster et al., 1994; ization (Blobel et al., 1992). Another ADAM protein, mel-
Zagouras et al., 1995) suggest that the 100 kDafragment trin, has been implicated in myoblast fusion (Yagami-
is generated from the full-length protein by proteolytic Hiromasa et al., 1995). More recently, an ADAM protein
cleavage, which presumably generates an N- and a was identified as a TNF-alpha convertingenzyme (TACE)
C-terminal fragment. Antibodies against the extracellu- that is responsible for releasing TNF-a from the cell
lar region of the C. elegans GLP-1 can detect the surface by proteolytic cleavage of a transmembrane
N-terminal fragment, which appears to remain associ- precursor (Black et al., 1997; Moss et al., 1997).
ated with the C-terminal fragment (Crittenden et al., In this study, we have conducted a series of experi-
1994). While studies on vertebrate Notch proteins sug- ments inboth Drosophila and Xenopus inorder tounder-
gest that this cleavage occurs in the extracellular do- stand the molecular mechanisms of KUZ function. We
main close to the transmembrane domain (Aster et al., have engineered various mutant forms of KUZ protein
1994; Kopan et al., 1996), the protease responsible for and assayed their activities in transgenic flies. We found
the processing and the function of the processed forms, that a mutant KUZ protein lacking protease activity inter-
feres with the endogenous KUZ activity and functions aswhich can comprise the majority of the Notch proteins
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Figure 1. Alignment of Predicted KUZ Protein Sequences from Different Species and Summary of Constructs Tested in This Study
(A) Sequence alignment of predicted KUZ proteins from Drosophila (DKUZ), mouse (MKUZ), and Xenopus (XKUZ). The full-length amino acid
sequence of MKUZ was deduced from the nucleotide sequence of two overlapping cDNA clones. Partial amino acid sequence of XKUZ was
deduced from the nucleotide sequence of a PCR product that includes parts of the disintegrin and Cys-rich domains. The alignments were
produced using Geneworks software (IntelliGenetics). Residues identical among two species are highlighted. Predicted functional domains
are indicated. Amino acid sequences from which degenerate PCR primers were designed are indicated with arrows. Orthologs of kuz are also
present in C. elegans (GenBank accession nos. D68061 and M79534), rat (Z48444), bovine (Z21961), and human (Z48579).
(B) Summary of constructs used in this study and their overexpression phenotypes. Different domains are indicated by shadings. Asterisks
indicate where point mutations were introduced. Constructs 1±9 are based on DKUZ, while MKUZDN is based on MKUZ. Abbreviations: (11),
strong phenotype; (1), weak phenotype; (0), no phenotype.
(C) Schematic diagram of DKUZ, MKUZ, and XKUZ. The percentages given refer to sequence identity in the indicated domains between MKUZ
and either DKUZ or XKUZ.
a dominant-negative form, suggesting that the protease Notch processing. Our data suggest a model in which
the primary Notch translation product is proteolyticallyactivity of KUZ is essential to its biological functions. To
extend our analyses of KUZ functions into vertebrates, cleaved by KUZ as part of the normal biosynthesis of a
functional Notch protein.cDNAs encoding a mouse KUZ homolog (mkuz) were
isolated. A dominant-negative form of MKUZ (MKUZDN)
was created that when overexpressed in Drosophila, Results
resulted in phenotypes similar to those created by its
Drosophila counterpart. We further show that MKUZDN Deletion of the Metalloprotease Domain of KUZ
Results in a Dominant-Negative Formcan perturb lateral inhibition during Xenopus neurogen-
esis and results in the overproduction of primary neu- kuz encodes a transmembrane protein with multiple do-
mains (Figure 1). To investigate how the different do-rons. These findings suggest that KUZ plays an evolu-
tionarily conserved role during lateral inhibition. Since mains of KUZ contribute to its biological functions, full-
length and various N- and C-terminal truncations of KUZthe products of both N and kuz genes are involved in
lateral inhibition during neurogenesis, we investigated were generated (constructs 1±4 and 7, Figure 1B) and
expressed under the pGMR vector (Hay et al., 1994)their genetic interactions. These studies suggest that
kuz acts genetically upstream of N. Together with our in the developing retina of Drosophila. One of these
truncations (7), which is missing the protease domain,previous clonal analyses indicating that kuz and N func-
tion in the same cell during lateral inhibition and our resulted in a dominant rough eye phenotype (data not
shown), while the others failed to produce any dominantfinding that the protease activity is essential to KUZ
function, the genetic interaction between kuz and N phenotypes. To examine the phenotypes produced by
this truncation in other tissues, we expressed KUZ trun-prompted us to investigate the possibility that KUZ
might be involved in the proteolytic processing of Notch. cations using the pDMR vector, which contains the de-
capentaplegic (dpp) disc±specific enhancer elementWe find that while Notch is proteolytically processed in
wild-type embryos to generate the 100 kDa species, (see Experimental Procedures) that drives gene expres-
sion in several tissues including parts of the notum andthis processing fails to occur in kuz mutant embryos.
Similarly, expression of a dominant-negative form of the wingblade, twotissues that are knownto beaffected
in kuz mutant clones. While the expression of full-lengthKUZ in imaginal discs or tissue culture cells blocks
Kuzbanian Controls Proteolytic Processing of Notch
273
Figure 2. Expression of Dominant-Negative Forms of KUZ Resulted in Mutant Phenotypes in Drosophila
(A) and (B) show wild-type wing and notum morphology, respectively. Note the presence of larger macrochaetes and smaller microchaetes
on the notum. Posterior scutellar bristles are indicated with arrowheads. Single bristles are found at these positions.
(C) and (D) show a wing and a notum bearing kuz mutant clones. kuz mutant clones reaching the wing margin result in notches on the wing
blade (arrowheads in [C]), while mutant clones in the notum result in supernumerary bristles (arrowhead in [D]).
(E) and (F) show the wing and the notum from a transgenic fly line expressing KUZDN (construct 7 in Figure 1B) under pDMR. Note the
presence of a notch along the anterior/posterior compartment border of the adult wing (E) and supernumerary scutellar bristles on the notum
(arrowheads in [F]). These phenotypes are similar to those seen in kuz mutant clones (see [C] and [D]). The positions at which mutant
phenotypes are observed in (E) and (F) closely match the expression pattern of dpp in the wing imaginal disc.
(G) and (H) show the wing and the notum from a transgenic fly line expressing a dominant-negative MKUZ under pDMR. This construct
(MKUDN-1) contains the signal peptide from Drosophila KUZ fused to a truncation of MKUZ that removed sequences N-terminal to the
disintegrin domain. Note the presence of wing notch (arrowhead in [G]) and extra scutellar bristles (arrowheads in [H]).
(I) and (J) show the wing and notum from a transgenic fly line expressing a full-length KUZ construct containing a point mutation in the
protease active site (E606A) under pDMR. Note the presence of wing notch (arrowhead in [I]) and extra scutellar bristles (arrowheads in [J]).
(K) and (L) show notums from flies containing a heat-inducible KUZDN transgene and subjected to a 60 min heat shock at 378C in the third
larval instar (K) or at 5 hr APF (L). Note the presence of extra macrochaetes in (K) (marked by asterisks), and extra microchaetes in (L) (compare
[K] and [L] to the wild-type notum in [B]).
(M) and (N) show sections of adult eyes from wild type and a fly line carrying the rough/KUZDN transgene, respectively. While sections of a
wild-type eye reveal 7 photoreceptors per ommatidium at this level (M), those of rough/KUZDN reveal an average of 13 photoreceptors (N).
(O) and (P) show the expression of ELAV, a neuronal cell marker, in the eye imaginal discs from wild-type and rough/KUZDN flies, respectively.
The arrow marks the position of the morphogenetic furrow. In wild-type eye discs, photoreceptors differentiate in a highly ordered and
stereotyped manner (O). In rough/KUZDN eye discs, extra ELAV positive cells are recruited into developing ommatidia (P).
(Q) and (R) show the morphology of CNS axonal tracts revealed by anti-Fas II MAb 1D4 in wild-type embryos and embryos expressing KUZDN
in all neurons, respectively. Note the break of longitudinal tracts (arrow) and the stalling of axons (arrowhead) in embryos expressing KUZDN
(R). Overexpression of KUZDN was achieved by crossing flies carrying UAS/KUZDN to flies bearing ELAV-GAL4.
KUZ did not result in dominant phenotypes (data not activity. Supporting this hypothesis, we observed that
the mutant phenotypes resulting from this construct areshown), expression of construct 7 under pDMR resulted
in supernumerary bristles on thenotums and notches on dominantly enhanced by removing one copy of the en-
dogenous kuz gene; that is, the phenotypes of kuz/1the wing blades (Figures 2E and 2F). These phenotypes
resemble those seen in somatic clones homozygous individuals carrying this construct are more severe than
those of 1/1 individuals. Conversely, additional wild-for kuz loss-of-function mutations (Figures 2C and 2D),
suggesting that this construct functions in a dominant- type KUZ protein from a transgene expressing full-
length KUZ suppresses these phenotypes (data notnegative manner by interfering with endogenous kuz
Cell
274
shown). We will therefore refer to construct 7 as KUZDN morphogenetic furrow and proceeds in a stepwise man-
ner. Initially, R8 is singled out from a group of equivalent(KUZ dominant-negative).
Although the structure of KUZDN suggests that its cells. Following that, R2/R5, R3/R4, R1/R6, and R7 are
added to each ommatidial cluster (reviewed in Wolff anddominant-negative activity results from the lossof prote-
ase activity, it is conceivable that the approximately Ready, 1993). We perturbed kuz functions by expressing
KUZDN under the control of the rough enhancer, which600 amino acids deleted in KUZDN might affect other
activities important for KUZ functions. To directly ad- drives gene expression in all cells within the morphoge-
netic furrow as well as transiently in R2, R5, R3, anddress the functional relevance of the protease domain,
we introduced into full-length KUZ a point mutation R4 posterior to the furrow (Heberlein et al., 1994). Flies
carrying the rough/KUZDN transgene had supernumer-(E606 to A) in the putative zinc binding site (Figure 1A)
of the protease domain. This glutamate is thought to be ary photoreceptor cells in each ommatidium (compare
Figure 2N with 2M). Neuronal differentiation in thesea catalytic residue and is absolutely conserved among
all known metalloproteases (Jiang and Bond, 1992). transgenic flies was followed by staining for ELAV, a
neuronal marker, in eye imaginal discs. Consistent withThus, this point mutation should abolish protease activ-
ity while having minimal impact on the other activities the adult eye phenotype, we observed the recruitment
of extra neurons into each ommatidial cluster in theof KUZ. Consistent with this hypothesis, overexpression
of KUZE606A (construct 8 in Figure 1B) gave similar, developing retina (compare Figure 2P with 2O). These
experiments suggested that kuz function is required toalthough somewhat weaker, dominant phenotypes (Fig-
ures 2I and 2J) to those seen with KUZDN (Figures 2E limit the number of photoreceptor neurons recruited into
each ommatidium.and 2F).
Besides its functions in determining neural fate, kuz
is also required for axonal extension at later stages ofKUZDN Interferes with Lateral Inhibition
neural development (Fambrough et al., 1996). The ques-during Bristle Development
tion arises whether these defects are due to the lack ofThe notums of Drosophila adults carry two types of
kuz functions in the axons themselves or in the cellssensory bristles, macrochaetes and microchaetes. The
contributing to the substrate upon which the axons ex-sensory organ precursor cells (SOPs) that generate the
tend. To distinguish these alternatives, we expressedmacrochaetes are selected from pools of equivalent
KUZDN under the control of the ELAV promoter usingcells by lateral inhibition mostly during the third instar
the GAL4-UAS system (Brand and Perrimon, 1993). Thelarval stage, while the SOPs for the microchaetes are
ELAV promoter drives gene expression in maturing andsingled out during the early pupae stage (Hartenstein
mature neurons, but not neuroblasts, thus allowing oneand Posakony, 1989; Huang et al., 1991). N is required
to bypass the requirement for kuz in neural fate determi-for this process, and removal of N function at larval and
nation. We observed that embryos expressing KUZDNpupal stages differentially affects these two types of
in developing neurons show major defects in axonalbristles (Hartenstein and Posakony, 1990). If KUZ is re-
pathways, such as disruption of longitudinal axonalquired for lateral inhibition, we would expect to generate
tracts (compare Figure 2R with 2Q). In general, this phe-similar phenotypes by expressing KUZDN at these
notype is similar to that observed in zygotic kuz mutanttimes. We generated flies containing KUZDN under the
embryos (Fambrough et al., 1996), supporting the hy-control of the hsp70 promoter, and applied one hour
pothesis that KUZ providesa proteolytic activity synthe-heat pulses at various times during larval and pupal
sized by axons and required by them to extend growthdevelopment. We observed that while heat pulses ap-
cones through the extracellular matrix.plied during third instar larval stage resulted in supernu-
merary macrochaetes only (Figure 2K), heat pulses ap-
plied during early pupal stages (0±13 hrs after puparium Evolutionary Conservation of kuz Structure
formation [APF]) resulted in supernumerary micro- and Function
chaetes only (Figure 2L), similar to the phenotypes that Database searches revealed sequences representing
resulted from removing N function at these times using putative kuz orthologs in C. elegans, rat, bovine, and
a temperature-sensitive N allele (Hartenstein and Posa- human. The bovine homolog was initially isolated as
kony, 1990). These time points match the periods when a proteolytic activity on myelin basic protein in vitro
SOPs for each bristle type are selected from pools of (Howard et al., 1996), but its in vivo function remains
equivalent cells (Hartenstein and Posakony, 1989; Hu- unknown. As a first step in understanding the potential
ang et al., 1991), suggesting that KUZDN interferes with functions of kuz in vertebrate neurogenesis, we isolated
lateral inhibition during the selection of SOPs. and sequenced cDNAs representing a full-length mouse
kuz homolog. This mouse protein (MKUZ) is 45% identi-
cal in primary sequence with Drosophila KUZ (DKUZ,Expression of KUZDN Results in Mutant
Phenotypes in Other Tissues Figure 1), and 95% identical with the bovine protein (not
shown). Sequence similarity between MKUZ and DKUZkuz mutant clones are known to affect other tissues
such as the eye. Analysis of kuz mutant phenotypes in extends over the whole coding region, except that
MKUZ, like other vertebrate KUZ homologs, has a muchthe eye was complicated by the gross structural abnor-
malities associated with loss-of-function mutant clones shorter intracellular domain. The intracellular domain
of MKUZ contains a stretch of 9 amino acid residues(Rooke et al., 1996). KUZDN offered us a useful tool
to perturb kuz functions in a more restricted manner. (934±942) that are absolutely conserved with DKUZ. To
determine the functional importance of this sequenceNeurogenesis in the developing eye initiates within the
Kuzbanian Controls Proteolytic Processing of Notch
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similarity, we introduced into KUZDN mutations in sev-
eral conserved residues in this region (936TPSS939 to
AAAA; construct 9 in Figure 1B). These mutations dra-
matically reduced KUZDN activity (data not shown), im-
plying that the altered residues are important for KUZ
function. However, additional experiments will be re-
quired to determine if it is the expression, subcellular
localization, or activity of KUZDN that is disrupted.
Based on the structure of KUZDN described above,
we engineered a putative dominant-negative form of
MKUZ (MKUZDN, Figure 1B); that is, an MKUZ construct
that is missing the protease domain. When overex-
pressed in Drosophila using the pDMR vector, MKUZDN
resulted in dominant phenotypes (Figures 2G and 2H)
resembling those created by its Drosophila counterpart
(Figures 2E and 2F). To test more directly the involve-
ment of MKUZ in vertebrate neurogenesis, we injected
invitro transcribed mRNA encodingMKUZDN into Xeno-
pus embryos. Primary neurons in Xenopus are gener-
ated in precise and simple patterns and can be identified
by their expression of a neural-specific b-tubulin gene
(N-tubulin). This assay has been used previously to dem-
onstrate a conserved role for certain neurogenic genes Figure 3. Injection of mRNA Encoding MKUZDN Leads to Supernu-
merary Primary Neurons in Xenopus Embryos and the Expressionin singling out primary neurons in Xenopus by lateral
Pattern of a Xenopus kuz Geneinhibition (Chitnis et al., 1995). If a kuz-like activity is
(A) and (B) show whole-mount Xenopus embryos at the neural platerequired for the lateral inhibition process in Xenopus,
stage hybridized with an N-tubulin probe. Normally, three stripes ofwe would expect interference with this endogenous kuz
primary neurons, medial (m), intermediate (i), and lateral (l), are pres-activity to result in the overproduction of primary neu-
ent on each side of the neural plate (A). RNA encoding lacZ alone
rons. Indeed, injection of mRNA encoding MKUZDN re- (A) or RNAs encoding both lacZ and MKUZDN (B) were injected into
sulted in extra N-tubulin positive cells (Figures 3A and one cell of a 2±4 cell stage Xenopus embryo, and embryos were
3B). Consistent with the notion that kuz acts to limit the fixed at the neural plate stage. lacZ RNA served as a tracer to follow
the distribution of the injected RNAs and was revealed by a lacZnumber of cells that differentiate as neurons from a
substrate that gave a red color upon histochemical reaction. Thegroup of competent cells, these extra N-tubulin positive
lacZ negative side indicated the uninjected side and served as acells were confined to domains of primary neurogenesis
control. Injection of RNA encoding MKUZDN resulted in extra N-and were not observed at ectopic positions.
tubulin positive cells as compared to the uninjected side (B) or
To provide further evidence for an endogenous kuz to embryos injected with lacZ RNA alone (A). Extra neurons were
activity during primary neurogenesis in Xenopus, we observed in 72% (n 5 156) of the embryos injected with MKUZDN.
examined the expression pattern of a Xenopus kuz ho- Note that these extra N-tubulin positive cells were confined to do-
mains of primary neurogenesis and were not observed at ectopicmolog (Xkuz). A cDNA fragment representing a portion
positions.of Xkuz (Figure 1) was isolated (see Experimental Proce-
(C), (D), (E), and (F) show expression patterns of a Xenopus kuz genedures) and used to generate RNA probes for in situ
(Xkuz, partial sequence shown in Figure 1A) at different stages. (C)hybridization under high stringency. Xkuz is expressed
and (D) show the uniform expression of Xkuz in stage 13 embryos
uniformly in gastrulating and neural plate stage em- (dorsal view in [C] and lateral view in [D]). The ventral vegetal cells
bryos, including the domains of primary neurogenesis were not stained (D), most likely due to the low penetrance of probes
(Figures 3C and 3D). In older embryos, Xkuz continues into these cells. In older embryos, Xkuz continues to be widely
expressed, with an elevated level in neural tissues (E and F).to be widely expressed, with an elevated level in neural
tissues (Figures 3E and 3F). Thus, Xkuz is expressed at
the appropriate time and place for a potential role in an activated form of Notch (reviewed in Artavanis-Tsa-
primary neurogenesis in Xenopus. konas et al., 1995) under the heat shock promoter (hs-
Nact) at early pupal stages (7±9 hours APF) leads to the
kuz Acts Genetically Upstream of N loss of microchaetes on thenotum (Figure 4D); the oppo-
in Neurogenesis site phenotype, extra microchaetes, is seen in loss-of-
Notch is known to play a central role in lateral inhibition function kuz mutant clones (Figure 4E). We focused on
and acts as a receptor for the lateral inhibition signal microchaetes since the SOPs for these bristles are gen-
(reviewed in Simpson, 1990; Campos-Ortega, 1993; Ar- erated more synchronously than those of the macro-
tavanis-Tsakonas et al., 1995). Clonal analyses revealed chaetes (Hartenstein and Posakony, 1989; Huang et al.,
that kuz, like N, is required cell autonomously for cells 1991) and thus a single pulse of heat shock at 7±9 hrs
to be inhibited from a neural fate and is thus likely to APF results in the reproducible loss of microchaetes on
act in the same cell where N function is required (Rooke the notum in hs-Nact flies. If kuz acts genetically down-
et al., 1996). Since loss-of-function mutations of both stream of N, then the combination of Nact and kuz should
genes exhibit similar neurogenic phenotypes, we sought display the kuz phenotype of extra microchaetes. Con-
to determine their order of action by examining the phe- versely, if kuz acts genetically upstream of N, then the
notype produced by combining a gain-of-function N mu- combination of Nact and kuz should display the Nact phe-
notype of missing microchaetes. We observed that thetant and a loss-of-function kuz mutant. Expression of
Cell
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Figure 4. Genetic Interactions between kuz
and Notch
(A±C) The phenotype of a weak KUZDN
transgene was examined in wild-type (A),
NS317/1 (B) and 1/Dp(1;Y)w1303 (C) back-
grounds. NS317 is a strong loss-of-function N
allele (Karim et al., 1996). Dp(1;Y)w1303 (Lind-
sley and Zimm, 1992) is a duplication that
includes the N locus, and thus 1/
Dp(1;Y)w1303 flies contain an extra copy of
the N gene. Note the enhancement of extra
bristle phenotype in (B) and the suppression
of this phenotype in (C) (arrowheads).
(D±F) A 60 min heat shock at 378C adminis-
tered 7±9 hr APF resulted in a complete loss
of microchaetes on the notums in flies bear-
ing hs-Nact. Since the heat shock is delivered
after the SOPs for macrochaetes are se-
lected, this treatment does not abolish the
SOPs for macrochaetes that are determined
at an earlier time. Instead, it results in a shaft-
to-socket transformation by interfering with
a cell-fate decision that occurs at this time in
developing macrochaetes. This transforma-
tion is not fully penetrant such that while
some macrochaetes are transformed into double sockets (asterisk 2 in [D]), others remain untransformed (asterisk 1 in [D]). (E) shows a kuz
mutant clone on the notum marked by the cuticle marker ck (ck results in the secretion of multiple cytoplasmic extensions or hairs instead
of a single hair from each epidermal cell). The clone boundary is outlined. Note the presence of clusters of macrochaetes (asterisk) and
microchaetes (arrowhead) in kuz mutant clones. However, in kuz mutant clones that expressed Nact at 7±9 hrs APF (F), we never observed
microchaete clusters as seen in kuz mutant clones. Occasionally, we observed one single microchaete in a large clone, presumably due to
the incomplete penetrance of Nact expression. Note that while induction of Nact expression at this developmental time completely abolished
microchaetes, macrochaetes clusters (asterisk in [F]) were still formed in the kuz mutantclones, except that often the shaftsof the macrochaetes
were transformed into sockets, as seen when Nact is expressed in a kuz1 background (D). Thus the phenotypes induced by expression of Nact
are the same in a kuz1 or a kuz2 background.
combination of Nact and kuz displayed the Nact phenotype of Notch. First, we examined if perturbation of KUZ func-
tion in Drosophila Schneider 2 (S2) cell cultures would(Figure 4F), suggesting that kuz acts genetically up-
affect Notch processing. S2 cells do not express anystream of N. This result is compatible with KUZ acting
endogenous Notch protein (Fehon et al., 1990), but doupstream of Notch in the same biochemical pathway.
express high levels of kuz mRNA (data not shown). UponHowever, our genetic experiments cannot rule out the
transfection of a full-length N construct, the monoclonalpossibility that KUZ and Notch act in parallel pathways.
antibody C17.9C6, which was raised against the intra-We observed dosage-sensitive genetic interactions
cellular domain of Notch, can detect full-length Notchbetween kuz and N, indicating that the levels of activity
(about 300 kDa) and C-terminal fragments of about 100of kuz and N are tightly balanced. We took advantage
kDa (Fehon et al., 1990; Figure 5, lane 1). We reasonedof a weak dpp-KUZDN transgene that resulted in an
that if kuz is involved in generating this 100 kDa speciesaverage of 3 posterior scutellar bristles (Figure 4A) in-
in S2 cells, then expression of KUZDN might interferestead of the 2 seen in wild-type. While heterozygous
with this proteolytic event. Indeed, expression of KUZDNN mutants have normal numbers of posterior scutellar
nearly abolished the 100 kDa species in S2 cells, whilebristles (data not shown), this genetic background dra-
the 300 kDa species was not greatly affected (Figure 5,matically enhanced the phenotype resulting from the
lane 2), suggesting that kuz is required for the Notchweak dpp-KUZDN transgene such that an average of
processing. Consistent with our results in transgenic5.2 bristles (n 5 50) were observed (Figure 4B). Further-
flies that overexpression of full-length KUZ did not per-more, in flies that carry an additional copy of the N gene,
turb neurogenesis, transfection of a full-length KUZ con-the extra bristle phenotype resulting from this KUZDN
struct did not affect Notch processing in S2 cells (Figuretransgene is completely suppressed such that 2 bristles
5, lane 3).
were observed (Figure 4C, n 5 50). This intricate balance
Next, we performed similar experiments in developing
between their activities suggests that kuz and N are
imaginal discs. As described earlier, in transgenic flies
closely linked in a common biological process. containing KUZDN under the control of the heat-shock
promoter, a one hour heat shock at the third instar larval
kuz Is Required for the Proteolytic stage resulted in extra bristles on the notum (Figure 2K).
Processing of Notch The same heat-shock regime also resulted in notches
The genetic interactions between kuz and N, together on the wing blade and extra photoreceptors in the eye
with the similarity of their loss-of-function phenotypes (data not shown). We followed the status of Notch pro-
and the previous clonal analyses indicating that kuz and cessing in the wing and eye imaginal discs after the
N function in the same cell, prompted us to investigate induction of KUZDN in these animals. As in transfected
S2 cells, MAb C17.9C6 normally detects a 300 kDa andwhether KUZ is required for the proteolytic processing
Kuzbanian Controls Proteolytic Processing of Notch
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kDa species is detected in kuz null embryos. This obser-
vation further supports ourconclusion that KUZ controls
proteolytic processing of Notch in vivo.
Discussion
In this study, we provide genetic and biochemical evi-
dence that kuz is required for Notch processing in vivo,
and furthermore, that this processing is important for
Notch function. The dosage-sensitive genetic interac-
tions between kuz and N suggest that kuz and N are
involved in a similar signal transduction pathway. The
phenotype observed in flies carrying a constitutively ac-
tivated Notch and a loss-of-function kuz mutation indi-
cates that kuz acts genetically upstream of N. We show
that Notch processing is abolished in kuz null embryos
and in imaginal discs or tissue culture cells expressing
a dominant-negative KUZ construct. These results dem-
onstrate that kuz is required for the proteolytic cleavage
of Notch that generates the100 kDaC-terminal fragment
in vivo. The simplest explanation is that kuz, which en-
Figure 5. kuz Is Required for the Proteolytic Processing of Notch codes a metalloprotease, directly processes Notch to
Protein extracts from S2 cells (lane 1±3), imaginal discs (lane 4±6), generate the 100 kDa species, although further bio-
and embryos (lane 7 and 8) were separated on 6% SDS±PAGE, chemical experiments are required to rule out alternative
transferred to nitrocellulose, and visualized with C17.9C6, a mono-
explanations such as a proteolytic cascade. In addition,clonal antibody against the intracellular domain of Notch (Fehon et
the correlation between the neurogenic phenotypes ob-al., 1990). Besides the full-length Notch at about 300 kDa, this anti-
served in kuz null embryos or in imaginal discs overex-body also detected processed Notch proteins of about 100 kDa
in S2 cells transfected with a full-length Notch construct (lane 1), pressing KUZDN and the absence of Notch processing
imaginal discs (lane 4), and embryos (lane 7). Expression of KUZDN in these contexts suggests that this processing event,
specifically abolished the 100 kDa species in S2 cells (lane 2), while detected in worms, flies, and vertebrates, is required for
the full-length KUZ did not have any effect (lane 3). Similarly, in Notch function.
imaginal discs following the induction of KUZDN in larvae carrying
While our studies indicate that Notch is a substratethe hs/KUZDN transgene with a 60 min heat shock at 378C, the 100
for KUZ, it is important to note that the phenotype ofkDa species gradually disappeared such that by 4 hr after induction,
the 100 kDa species was almost undetectable, while the 300 kDa the kuz mutation is not fully explained by its affect on
species accumulated to a higher level (lane 4, no heat shock; lane Notch processing. For example, the embryonic neuro-
5, 4 hr post heat shock). The level of the 100 kDa species was genic phenotype of a kuz null mutant is more severe
gradually restored to the wild-type level (lane 6, 15 hr post heat than that of a N null (Rooke et al., 1996). There are
shock). Lastly, in kuz null embryos, the 100 kDa form is not detect-
likely to be additional proteolytic substrates for KUZ;able (lane 8), while this form constitutes about half of the total Notch
for example, the substrate(s) that is responsible for theprotein in wild-type embryos (lane 7).
axonal extension phenotype of kuz (Fambrough et al.,
1996; this study) remains to be determined. Moreover,
KUZ has domains, in addition to the protease domain,a 100 kDa Notch species in protein extracts of the third
that are known to be important for the function of otherinstar imaginal discs (Figure5, lane 4).After the induction
ADAM family members. While our work does not reveal
of KUZDN by one hour of heat shock, the 100 kDa spe-
a role for these domains in lateral inhibition, it is likely
cies gradually disappears; by 4 hours after induction,
that they play a role in other processes.
the 100 kDa species is almost undetectable, while the
Although our experiments demonstrate that kuz is re-
300 kDa species has accumulated to a higher level (Fig-
quired for a particular proteolytic processing of Notch,
ure 5, lane 5). By 15 hrs after the heat shock, the 100
they did not address whether this processing occurs
kDa species is restored to wild-type levels (Figure 5,
after ligand binding or represents a maturation step re-
lane 6), presumably reflecting the decay of the KUZDN quired to make a competent Notch protein, in a manner
protein synthesized in response to the heat shock. The similar to the maturation of the Sevenless receptor (Si-
correlation between the reduction of the 100 kDa spe- mon et al., 1989). Based on the findings that engineered
cies uponKUZDN expression (Figure 5) and the resulting forms of the Notch proteins that delete the extracellular
neurogenic phenotypes in imaginal tissues (Figure 2K) domain, or both the transmembrane and the extracellu-
provides evidence for the functional significance of the lar domains, result in constitutively active receptors,
100 kDa Notch form detected in vivo. some models of Notch signaling propose that the Notch
Finally, we examined Notch processing in kuz null protein is processed on the intracellular side to release
mutant embryos. Since kuz is known to have a maternal its cytoplasmic domain upon ligand binding (reviewed
contribution (Rooke et al., 1996), we generated germline in Artavanis-Tsakonas et al., 1995). The particular pro-
clones to obtain embryos lacking all KUZ function. We teolytic cleavage we are concerned with in our study
found that while MAb C17.9C6 detects a 300 kDa and is distinct from this intracellular cleavage. The KUZ-
mediated cleavagemost likely occurs in the extracellulara 100 kDa species in wild-type embryos, only the 300
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C-terminal fragment could be further processed on the
intracellular side by an unidentified protease to release
the cytoplasmic domain of Notch, which might translo-
cate to the nucleus, as suggested by some investigators.
In this regard, it is worth noting that while intracellular
processing of Notch upon ligand binding has yet to be
demonstrated, a truncated activated Notch construct
resembling the C-terminal 100 kDa fragment is known
to be processed on its intracellular side to release its
cytoplasmic domain in 3T3 cells (Kopan et al., 1996).
Figure 6. A Model for the Synthesis of Notch Proteins The ADAM family is a recently defined family of trans-
membrane proteins that contain both a disintegrin-likeSee text for details.
and metalloprotease-like domain (reviewed in Wolfs-
berg et al., 1995). Although cell biological and biochemi-
domain of Notch and does not seem to be the result of cal studies have implicated ADAM family members in
receptor activation upon ligand binding. First, the 100 diverse developmental processes such as fertilization
kDa species is detected in S2 cells transfected with a (fertilins), myoblast fusion (meltrin), and inflammatory
full-length Notch construct (Fehon et al., 1990; this response (TACE), the molecular mechanisms of ADAM
study). It is unlikely that the 100 kDa species is a product functions are largely unknown. kuz represents the first
of Notch activation upon ligand binding, since these ADAM family member in any species whose loss-of-
cells do not express any known Notch ligand. Second, function phenotype has been characterized, providing
the 100 kDa species constitutes about half of the total us the opportunity to study an ADAM gene in a well
Notch protein in Drosophila imaginal discs or embryos defined genetic system. It is likely that different ADAM
detected with an antibody against the intracellular do- family members will share signaling mechanisms, and
main (see Figure 5, lanes 4, 6, and 7) and represents that studies of KUZ can provide insights into the func-
the only Notch protein detected with a similar antibody tions of ADAM proteins in general. Our studies on KUZ
in certain mammalian cells (Zagouras et al., 1995). It provide a general scheme for engineering dominant-
seems unlikely that they all represent activated Notch negative forms of ADAM proteins and could be applied
proteins. Third, studies of vertebrate Notch proteins to other ADAM genes for probing their biological func-
have suggested that the proteolytic cleavage responsi- tions. It is worth noting that while all ADAMs possess a
ble for generating the 100 kDa species occurs on the disintegrin-like and a metalloprotease-like domain,
extracellular domain of Notch and does not by itself lead some ADAMs lack a consensus active site in the metallo-
to activation of Notch proteins (Aster et al., 1994; Kopan protease domain. These ªprotease deadº ADAMs there-
et al., 1996). fore resemble dominant-negative forms of KUZ de-
Since the metalloprotease domain of KUZ is extracel- scribed in this study and might function as endogenous
lular, we propose that KUZ protease processes Notch inhibitors of certain biochemical processes.
on the extracellular domain to generate an N-terminal
extracellular fragment and the C-terminal 100 kDa frag- Experimental Procedures
ment containing the transmembrane and the cyto-
Plasmid Constructsplasmic domain (Figure 6). These two fragments might
We initially used the pGMR vector (Hay et al., 1994) to express full-then be tethered together to function as a competent
length KUZ and several N- and C-terminal deletion constructs inNotch protein, analogous to the maturation of the Sev-
the eye. These constructs include 1, 2, 3, 4, and7. Upon identification
enless receptor (Simon et al., 1989). This is consistent of 7 as a dominant-negative form (KUZDN), we then used another
with experiments in C. elegans showing that the N- and expression vector, pDMR, to express constructs 1, 4, 5, 6, 7, 8, and
9. The pDMR vector utilizes the dpp disc±specific enhancer to driveC-terminal fragments of GLP-1 protein can becopurified
gene expression in multiple tissues including the wing and the no-(Crittenden et al., 1994). It is also consistent with the
tum. pDMR was constructed by the following steps. First, the heatknown activity of another ADAM protein TACE, which
shock±responsive element in Casperhs (Pirotta, 1988) was removedcarries out an extracellular cleavage on its substrate,
to yield Casperhs-1. A 4.3 kb dpp disc±specific enhancer (Staehling-
the TNF-a precursor (Black et al., 1997; Moss et al., Hampton et al., 1994) was inserted upstream of the hsp70 basal
1997). The processing of Notch need not happen on promoter in Casperhs-1 to yield pDMR (dpp-mediated reporter).
Construct 7 (KUZDN) was also cloned into pUAST (Brand and Perri-the cell surface; it could take place in the endoplasmic
mon, 1993) and pCasperhs to generate UAS/KUZDN and hs/KUZDN,reticulum, the Golgi apparatus, or secretory vesicles
respectively. A rough enhancer element (Heberlein et al., 1994) wasduring the maturation of Notch. Indeed, Blaumueller et
then inserted into hs/KUZDN to generate rough/KUZDN. Constructsal. (1997 [this issue of Cell]) present evidence that Notch
1 (full-length KUZ) and 7 (KUZDN) were also cloned downstream of
is cleaved in the trans-Golgi as the protein traffics to- the metallothionein promoter in pRMHa-3, an S2 cell expression
ward the plasma membrane and that only the cleaved vector (Bunch et al., 1988). The nucleotide coordinates of constructs
1±9 are as follows, using the same numbering as in GenBank acces-forms of Notch are found on the cell surface. The bio-
sion no. U60591: 1 and 8, 723±5630; 2, 723±3578; 3, 723±3462; 4,chemical role that this proteolytic processing plays in
723±2757; 5, 1957±2757; 6, 1957±5630; 7 and 9, 2757±5630. NoteNotch function is unclear at present, but our genetic
that for all of the N-terminal deletion constructs, a DNA fragmentdata suggest that Notch needs to be cleaved to be a
(nucleotides 723±940) containing the signal peptide was provided
functional receptor. The binding of ligands such as Delta at the 59 end. Site-directed mutagenesis was carried out using Stra-
to the competent receptor might dissociate the N- and tagene's QuickChange system.
MKUZDN was generated by an N-terminal truncation that removesC-terminal fragments such that themembrane-spanning
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the pro and catalytic domains of MKUZ. The rest of MKUZ (nucleo- Protein Extracts and Immunoblotting
Approximately 2 3 106 S2 cells, 50 embryos, or imaginal discs fromtides 1395±2481 of GenBank accession no. AF011379) was ligated
either to a DNA fragment (723±940, according to nucleotide coordi- 16 third instar larvae were used for each extraction. These materials
were homogenized and incubated for 20 min on ice in 90 ml of buffernates in U60591) containing the signal peptide of Drosophila KUZ
to generate MKUZDN-1 or to a fragment (nucleotides 1±191 of Gen- containing 10 mM KCl, 20 mM Tris (pH 7.5), 0.1% mercaptoethanol,
1 mM EDTA plus protease and phosphatase inhibitors (leupeptin,Bank accession no. AF011379) containing the signal peptide of
MKUZ to generate MKUZDN-2. MKUZDN-1 was subcloned into aprotinin, PMSF, and sodium vanadate). Supernatant was collected
after a low-speed spin of 2000 rpm for 5 min. Supernatant (12 ml)pDMR and pUAST for overexpression in Drosophila, and MKUZDN-2
was subcloned into a modified CS21 vector (Turner and Weintraub, was run on a 6% SDS±polyacrylamide gel. Blotting, antibody incuba-
tion, and chemiluminescent detection using the ECL kit were as1994) for RNA injection in Xenopus embryos (see below).
described in Fehon et al. (1990).
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